Abstract: We present a new measurement method for measuring the spectral reflectance of a semiconductor disk laser gain element under optical pumping, providing valuable information on the spectral dependence of gain under close-to-normal operating conditions.
Introduction
The optically pumped semiconductor disk laser (OP-SDL), or vertical-external-cavity surface-emitting laser (VECSEL), is a laser capable of generating a high-power beam of almost diffraction-limited quality [1, 2] . The properties of the spatial modes of the OP-SDL emission are controlled by the external cavity but the power and spectral properties are to a large extent governed by the semiconductor layer structure of the gain element. It is therefore of utmost importance to be able to design the gain element such that the performance characteristics fit the preferred ones. A standard way to experimentally test the design is to perform a spectral reflectance measurement of the gain element in the absence of optical pumping, i.e., to simply measure the reflected optical power at a known incident power for several data points within a wavelength interval [3] . This is a straight-forward and simple measurement method but the retrieved information is restricted to the case of a cold cavity and little or no information is retrieved about the actual performance of the gain element under pump excitation.
We here present a measurement method that, as compared to the standard reflectance measurement method, reveals information on the spectral and power properties of the gain element under optical excitation and enables a direct comparison with simulation results. This comparison is very useful in the iterative evolution of gain element design and particularly advantageous for more advanced designs such as those optimized for wide tuning [4, 5] or for short pulse generation [6] , since the measurement conditions more closely resemble the operating conditions in the actual OP-SDL cavity. In these kinds of design, a certain spectral dependence of the gain is sought after to render the wanted behavior of the OP-SDL.
Setup
The setup, schematically shown in Fig. 1 , probes the reflectance of the gain element by employing a tunable laser with narrow bandwidth (e.g., a Ti-sapphire laser). The gain element is simultaneously being optically pumped, and due to stimulated emission from the active region the reflectance can exceed unity, i.e., produce gain. Thus the setup is capable of measuring the gain spectrum of a gain element. For practical purposes the setup needs to be calibrated to account for fluctuations in the output power of the probe laser and absorption in optical components. Therefore the probe beam is split by a wedged beam-splitter, and part of the beam is reflected onto a photo-detector used as (1) reference of the incident power. The other part of the beam is incident on the optically pumped gain element, reflected back to the beam-splitter, where the light is reflected onto a second photo-detector. Due to uncertainties in the optical properties of the beam-splitter and the detectors, a calibration is necessary with a measurement on a sample with a known reflectance, e.g. a reflectance standard. The reflectance of the gain element can then be written:
The alignment of the probe and pump laser spots can be conveniently performed by removing the detector measuring the reflected power, thereby unblocking a lens that images the sample surface on a CCD camera. Naturally the pump spot has to completely cover the spot from the probe laser, and it might be necessary to insert a focusing lens that reduces the size of the probe spot on the sample so that the pump intensity can be sufficiently increased.
To prevent saturation of the detectors, an attenuation filter is inserted in the beam. This also functions as a beam-splitter as the reflected light is guided into a spectrometer for wavelength control.
Preliminary results
Initial measurements using the described setup have been performed on a gain element optimized for wide tuning (details on the structure can be found in [5] ) and the calibration sample was a broadband dielectric mirror with a well-known reflectance. The preliminary measurement results, shown to the left in Fig. 2 , reveal a significant response to pump excitation and agree well with the simulation results, shown to the right in Fig. 2 . The measured pump intensities are approximate due to difficulties in accurately determining the pump spot size and the cause for differences is most likely approximations in the model and deviations in the fabricated epitaxial structure from the prescribed one.
